To improve the understanding of brake creep groan, both experimental and numerical studies are conducted in this paper. Based on a vehicle road test under the condition of downhill, complicated stick-slip type motion of caliper and its correlation with the interior noise were analyzed. In order to duplicate these brake creep groan phenomena, a transient dynamic model including brake corner and subsystems was established using finite element method. In the model, brake components were considered to be flexible body, and the subsystems including driveline, suspension, tire, and vehicle body were considered to be rigid body. Simulation and experimental results of caliper vibration in time and frequency domains were compared. It was demonstrated that the new model is effective for the prediction and analysis of brake creep groan, and it has higher accuracy compared to the previous model without the subsystems. It is also found that the lining and caliper not only have stick-slip motion in each coordinate direction but also have translational and torsional movements in plane, which relate to the microscopic sticking and slipping, friction coefficient, and forces, as well as the contact status at the friction interface.
Introduction
In recent years, brake noise, vibration, and harshness (NVH) has become one of the most important issues for the rating of vehicle. Creep groan is one of the brake NVH problems with frequency range usually from 20 to 500 Hz, and it always occurs at low wheel speed and low brake pressure [1, 2] . Due to the wide use of vehicles equipped with automatic transmission and the increasing of traffic congestion in cities, the incidence and user complaints of brake creep groan increase dramatically. As such, much attention has been paid to this problem in the automotive industry.
Creep groan is generally caused by the stick-slip motion between disc and pads and it is a self-excited vibration of the brake assembly. The phase diagram of the caliper vibration with limit cycle was considered as the experimental evidence of the stick-slip mechanism of creep groan [3] . The gap of static and dynamic friction coefficient was verified to contribute to the propensity of creep groan [4] . The stickslip index obtained in tribotests was demonstrated to have a good correlation with the brake creep groan in vehicle tests [5] . Meanwhile, many theoretical models have been proposed to explain creep groan. Friction oscillator models with single DOF [6, 7] and two DOFs [8, 9] have been established, and the caliper vibration acceleration in time domain and the bifurcation behavior in phase plane have been used to evaluate creep groan. In these research studies, the contact between pads and disc is assumed to be singlepoint contact, which is different from the real contact in disc brakes. Besides, the components of suspension and driveline system are neglected, which actually have effects on the characteristics of brake creep groan.
Brake creep groan has been proven to be a structureborne vibration [10] , which is related not only to brake assembly but also to some subsystems. Considering the components of brake and driveline, and even tire and vehicle mass, a three DOFs translational model [11] , a two DOFs torsional model [12] , and a four DOFs torsional model [13, 14] were proposed. By taking into account the front and rear suspensions [15] , a five DOFs lumped-parameters model was built. But the geometry and structure of most components and their complex spatial movements are neglected in these models, which may reduce the accuracy of the brake creep groan prediction. Therefore, it is necessary to establish more 2 Shock and Vibration comprehensive object-oriented dynamic models. A multibody dynamic model of chassis corner was established using MSC ADAMS [16] , and the simulated primary frequency of the caliper acceleration agreed with the test result. Uchiyama and Shishido [17] proposed a FE model of brake corner, which offered valuable reference for brake creep groan analysis. Compared with multibody dynamics method, FE model has significant advantage in the calculation of the interface contact and has higher accuracy than multibody dynamics method. However, in the previous FE models of creep groan, some subsystems such as suspension and driveline components were neglected. The spatial motions of pads and caliper and the microscopic process at the friction surfaces, as well as their relationships with the macroscopic dynamics of creep groan, have been poorly understood.
In this study, a vehicle road test of creep groan under the condition of downhill is conducted. The complicated stickslip type motion of caliper and its correlation with the interior noise are analyzed. In order to analytically and numerically reproduce these phenomena and fill the void in literatures, we propose an object-oriented transient dynamic model of brake corner and subsystems using FE model. In the model, brake components are considered to be flexible body; the subsystems including driveline, suspension, tire, and vehicle body are considered to be rigid body. Key parameters of the model are defined, especially the friction coefficient. Macroscopic and microcosmic stick-slip motion and the spatial motion of lining and caliper, as well as the vibration characteristics of caliper, are analyzed and discussed.
A Vehicle Road Test of Creep Groan under the Condition of Downhill
When creep groan occurs, the driving force does not necessarily come from engine. It could come from downhill force. The engine can induce the vibration of suspension and the frequency components of the driving force from engine are complicated, which could aggravate the complicacy of creep groan motion. In order to reduce the complicated effect of engine, a vehicle road test of creep groan was conducted under the condition of downhill.
Test Setup.
Equipped with six-speed automatic transmission, a McPherson suspension in front, and a torsion beam suspension in rear, an A-class car is tested. The total mass of the vehicle is 1431 kg including 2 passengers in front seats. Two triaxial accelerometers are mounted at the piston side of caliper and suspension strut, and the , , and directions of the accelerometer on the caliper are aligned to the tangential, radial, and axial directions of the disc, respectively. An oil pressure sensor connecting brake tube and hose is used to measure brake pressure. Meanwhile, a microphone is installed near the left ear of the driver to measure the interior noise. These sensors are arranged in the front left chassis corner of the car, as shown in Figure 1 . In the test, the vehicle is put on a ramp road with a slop of 10%. The driver presses the brake pedal and starts the engine and then releases the handbrake and hangs in gear of N and finally releases brake pedal slowly until the vehicle starts to move. When creep groan occurs, the brake pressure is maintained to keep creep groan occurring as long as possible.
Test Results.
The recorded vibration of caliper can be used to explain the mechanism of creep groan [1] [2] [3] and it has a good correlation with the subjective rating of creep groan. The vibration of caliper measured in the test is analyzed as follows. Figure 2 shows a typical vibration of caliper and oil pressure while creep groan is occurring. Figure 2(a) shows two types of stick-slip motion. Type I is a quasiharmonic vibration, which always occurs at the stage of oil pressure maintaining and is marked in rectangular frame. Type II is unsteady vibration impulse sequences with different intervals and intensities, which always occurs at the stage of oil pressure changing. The oil pressure saltation is earlier than the vibration of type II. Because the acceleration in direction is larger than that in the rest of directions, it was processed using Short-Time Fourier Transform, as shown in Figure 2 (b). It exhibits that the vibration of type I has obvious multifrequency components, especially in the time interval of 44 s to 62 s, but the frequency components of type II are relatively dispersed. Therefore, the vibration of type I from 44 s to 62 s is further analyzed. Figure 3 shows the characteristics of vibration type I from 44 s to 62 s. In this stage, when brake pressure drops to 7.4 bar, the first creep groan occurs. When brake pressure increases slowly to 8 bar, the creep groan lasts for about 18 s. According to the characteristics of acceleration in direction, the whole process can be divided into seven stages, which are named as A to G in Figure 3 . Because creep groan vibration mainly occurs in direction, the acceleration in direction is analyzed in time-frequency domain. It can be seen that the characteristics of caliper acceleration in both time domain and frequency domain evolve with time complicatedly when creep groan occurs.
The accelerations in stages A, C, and E are exhibited to be intermittent and aperiodic shocks, and their phase diagrams do not have a clear limit cycle, as shown in Figure 4 (a). The frequency components in these three stages are relatively dispersed, but 90 Hz and 180 Hz are the main frequency components. Thus the vibrations in stages A, C, and E are similar to the vibration of type II. The vibration in stages B and F is exhibited to be periodic harmonic, and the phase diagram has a typical limit cycle of stick-slip motion, as shown in Figure 4 (b). The fundamental frequency is 86 Hz and the first 5-order frequency components are more significant. The acceleration in stage D is a periodic harmonic, but it contains two types of harmonics in each period. One has large amplitude and short period, and the other one has low amplitude and long period. Thus, its phase diagram has 2 limit cycles, and it shows that the vibration has a two-periodic motion. The fundamental frequency is 40 Hz and the first 12-order frequency components are more significant. In stage G, the vibration gradually disappears, and the limit cycle returns to the equilibrium position in phase diagram.
The A-weighted sound pressure level of interior noise is shown in Figure 5 occurring, and the interior noise intensity is positively correlated with the vibration amplitude of the brake caliper except in stage E. The system is unstable in stage E, which is a transition stage from one stable status (stage D) to another stable status (stage F). Although the amplitude of the vibration in stage E is not the highest, its sound pressure level is the highest in the whole process. The coherence coefficient between caliper acceleration in direction and interior noise is shown in Figure 5 (b). The blue curve is the coherence coefficient when creep groan occurs. The green curve is the coherence coefficient in idling; at this time, the interior noise is mainly caused by engine and creep groan does not occur. The frequency of 23 Hz corresponds to the second-order vibration of the engine, and the interior noise at this frequency is mainly caused by engine. When the vehicle is in idling, the coherence coefficients at 23 Hz and its multiple frequency are high. When creep groan occurs, the frequency of 86 Hz is the fundamental frequency of the creep groan; thus the coherence coefficients at 86 Hz and its multifrequency components are close to 1, and it shows that, under this condition, the interior noise is mainly caused by the vibration of caliper. Therefore, the vibration of caliper can represent the dominant characteristics of creep groan.
From these figures and illustration, it can be seen that brake creep groan is a very complicated vibration. Although the pressure and rotational speed from 44 s to 62 s change a little, the accelerations of caliper change dramatically in different braking stage. This phenomenon was not reproduced and discussed in previous theoretical studies using finite element model. Meanwhile, it can be inferred that microcosmic motion of the brake components should be investigated, especially the contact status between pads and disc. From the frequency components, it can be seen that creep groan relates not only to the brake components but also to the other subsystems, such as suspension and driveline components. Therefore, a transient dynamic model for brake creep groan analysis could be accurately established by considering the subsystems and the structures of brake corner components.
Transient Dynamic FE Modelling

Topological Structure of the FE Model.
In the previous studies, it has been found that brake creep groan is related to the components of brake, driveline system, suspension, and tire, which was documented in the reported experimental study. In order to fill the void in literatures, an object-oriented FE model of brake corner and subsystems is established. In order to simulate the contact status between pads and disc, the brake components are built as flexible bodies. Because the transient dynamic calculation in FEA costs a lot of time, the components of subsystems in the FE modelling are considered to be rigid bodies. According to mechanical vibration theory, the inertia, stiffness, and damping of the driveline, suspension, tire, and the vehicle body can be converted to proper quantities with respect to the rotation axis of the disc by an equivalent approach, which represent the dynamic parameters of these components. The topological structure of the FE model for creep groan analysis is shown in Figure 6 . In Figure 6 , the brake assembly is flexible body and the modelling of brake assembly will be described next. The reference points B, T, D, and S are rigid bodies, which represent the equivalent inertia of tire and vehicle body, the inertia of wheel hubs and rims, the equivalent inertia of driveline components, and the equivalent inertia of the suspension and knuckle, respectively. They only have the rotational degree of freedom around -axis. The reference point F does not have mass and it is fixed to the ground. The reference points B and T are connected by SD1, which is a spring-damper element and represents the torsional stiffness and damping of tire. The reference points T and D are connected by SD2, which represents the equivalent torsional stiffness and damping of driveline system. The reference point T is coupled with the five bolt holes of disc. The reference point S is coupled with the holes of guide pin in anchor. The reference points S and F are connected by SD3, which represents the equivalent stiffness and damping of suspension.
In order to establish the FE model of brake assembly, the wear between disc and pads and the changes of surface morphology of the contact surfaces are ignored. The FE model of the brake is mainly composed of hexahedral element and some local complex structures are composed of pentahedral element. The total number of the elements is 58971 and the total number of the nodes is 81339. Because the vibration frequency of creep groan is usually lower than the minimum modal frequency of the brake components, the connections between the brake components are very important. Combined with the structures and the working principle of the brake, the connections are listed in Table 1 . The roles of backplate, the rubber bushing of guide pin, and the leaf spring between backplate and anchor are included, as shown in Figure 7 .
Key Parameters Definition.
In the dynamic model, much equivalent inertia, stiffness, and damping should be calculated based on the structures of driveline, suspension, tire, and vehicle body. The inertia of the wheel hubs and rims T is calculated by their three dimensional model. The equivalent inertia of tire and vehicle body is given by B = tire + 0.5 v tire , where tire and tire are the inertia and radius of a tire, respectively, and v is the vehicle mass. The driveline inertia D represents the combined inertia of the engine inertia, the torque converter inertia, the inertia Anchor, guide pin Thread Tie (node-to-surface) (8) Caliper, guide pin Rubber bushing Bushing connector Table 2 : Parameters of the inertia, stiffness, and damping in the model. of the transmission input and output components, and the inertia of the final drive pinion and axle shaft. The structure of suspension and knuckle is very complex and is approximated as a rotor with the equivalent inertia S being calculated. The equivalent stiffness D and damping D of the driveline include the stiffness and damping of the transmission input and output shafts and axle shaft. For the calculation method of D , S , D , and D , the reader is referred to paper [17] . The equivalent torsional stiffness and damping of tire and suspension are calculated according to the K&C test results of suspension under condition of braking force loading. The parameters of the inertia, stiffness, and damping are summarized in Table 2 .
The material of most components in the FE model is considered to be uniform and isotropic, but the material of friction lining is anisotropic. The material properties of components are given in Table 3 , and they do not change with temperature. These material properties are used for the modal analysis of each component, and the simulation results are verified by modal test. The stiffness and damping of the rubber bushing around the guide pin and the leaf spring are calculated by FE method. The FE model of rubber bushing is built based on a hyperelastic-viscoelastic-elastoplastic model of rubber material. Mooney-Rivlin model is used in the hyperelastic model and the 3-order Prony series is used in the viscoelastic model. The stiffness and damping of the rubber bushing and leaf spring are also given in Table 2 .
The difference between the dynamic and static friction coefficient is the root cause of stick-slip motion; as such it is very important to obtain the friction coefficient of the brake for the simulation. Due to the brake friction coefficient varying with the rotational speed, pressure, temperature, and contact surface morphology, it is necessary to measure the brake friction coefficient level in vehicle. The test setup is shown in Figure 8 . An adjustment level is perpendicular to the ground, and a driver in the car applies braking slowly to a specific oil pressure, which is measured by the oil pressure sensor, and then the driver keeps the pressure as stable as possible. A tester slowly increases the tension of adjustment level in horizontal direction, until the disc begins to rotate. The rotation angle of the level is less than 10 degrees. In the test, creep groan always occurs. Figure 9 shows the time history curves of tension and oil pressure. In Figure 9 , brake pressure changes slightly, and the tension increases dramatically from 3.5 s to 12 s, and the disc remains static in this stage. After 12 s, the tension oscillates strongly and creep groan occurs. In the stage of stick, the tension increases rapidly to the maximum of static friction force. At the moment the disc starts to move, the tension drops suddenly. Then, in the stage of slip, the tension fluctuates periodically. The maximum and minimum of the tension in one period are considered to correspond to the maximum of static friction force and the dynamic friction force. At the same time they correspond to the oil pressures variation. Combined with the evaluated radius of piston, the equivalent brake radius, and the level arm, the friction coefficient can be calculated. Repeat the test for 6 times under identical oil pressure; the average value of the test results is obtained. Table 4 shows the test results under the condition of pressure of 8 bar, and the standard deviation of the static and dynamic friction coefficients is very small, which exhibits that the accuracy of the results can be accepted. The test results are used for the friction coefficient model of the brake FE model, as shown in equation = + ( − ) − V , where is the attenuation factor and V is relative speed of the contact points. 
Simulation Condition and Setup.
The simulation condition is selected to be the same as the test condition when creep groan occurs. The driving force in the test is the gravitational component along the direction of the ramp, and the driving force remains constant when the slope angle is assumed to be constant. Creep groan is investigated in detail from 44 s to 62 s in the vehicle test; thus the brake pressure and driving force in this stage, as shown in Figure 11 , are used to calculate the angular velocity of the disc. Figure 11 shows that the driving force and brake pressure are nearly steady after 15 s, and it can be assumed that after 15 s the driving force is balanced with the braking force; thus the ratio between brake pressure and braking force can be calculated. Using this ratio, the angular velocity of the disc from 44 s to 62 s can be calculated, which increases linearly to 0.2 rad/s after 2.2 seconds and then rotates uniformly. Due to the fact that simulation speed in the FE model is very low, the simulation is implemented for 2.2 seconds. The curves of brake pressure and angular velocity used in the simulation are shown in Figure 12 . The brake pressure is applied on the bottom surfaces of piston and the piston cavity to simulate the braking force, and the angular velocity is applied on point D as shown in Figure 6 to simulate the driving force.
Results and Discussion
Macroscopic Stick-Slip Motion.
Stick-slip motion is the basic evaluation criteria of the occurrence of creep groan, and it can be presented by the tangential velocities of disc and lining, as shown in Figure 13 . The fluctuation of the angular velocities in 0.05 s is caused by the simulation step of application of brake pressure within 0.01 s and the system is not unstable. From 0.05 s to 0.2 s, the disc does not rotate because the driving force is lower than braking force. From 0.2 s to 0.6 s, the disc begins to rotate and the angular velocities of disc and lining are equal, because the static friction force between disc and lining is larger than the spring force between backplate and anchor and no relative movement exists between the disc and lining. When the spring force between backplate and anchor is larger than the static friction force, the lining can move relatively to the disc after 0.6 s.
Partial time history curves are zoomed in and used to exhibit a typical periodic stick-slip motion, which elaborates the occurrence of creep groan. In the entire time history curves of the tangential velocity, the stick-slip motion consists of several stages. Stage A is from 0.9 s to 1.6 s and stage B is from 1.8 s to 2.2 s, and there are transition stages from 0.6 s to 0.9 s and from 1.6 s to 1.8 s. In stage A, the period of creep groan and the magnitude of tangential velocity fluctuation of disc are larger than those in stage B; and the time in sticking is longer than that in slipping, which is opposite to the case in stage B; the direction of tangential velocity of disc can be opposite to the direction of angular speed set in the model, but in stage B it is always the same as the direction of the angular speed. Figure 14 shows the phase diagram of the lining in tangential direction with obvious limit cycles generated both in the two stages, which further proves the occurrence of the creep groan. Although the macroscopic stick-slip motion is related to the relationship between friction coefficient and relative speed (between disc and linings), the energy of input and dissipation and their transformation need to be studied for further understanding of the creep groan mechanism, which is shown in Figure 15 . Due to the uniform accelerating rotation of the disc, the energy is input into the system continuously and the input power increases with the braking time. The input energy can transform into the kinetic energy, elastic strain energy, friction dissipation energy, and viscous dissipation energy. The kinetic energy and viscous dissipation energy are small, and most of input energy are transformed into elastic strain energy and dissipated by the effect of friction. In the process of stick, the friction force is the internal force and no energy is dissipated by friction; thus the curve of friction dissipation energy is nearly flat. Meanwhile, the input energy is almost transformed into elastic strain energy, so that the curve of elastic strain energy increases sharply. In the process of slip, due to the effect of friction and damping, the friction dissipation energy increases and the elastic strain energy decreases. Under this mechanism of energy transformation, the stick-slip motions occur continuously.
Microcosmic Stick-Slip Motion.
Based on the FE modelling of brake components, the contact state and friction behavior between disc and linings can be analyzed in detail, which cannot be measured during braking testing. The analysis and simulation may give us some new understanding of creep groan. Depending on the shape of lining, brake force, and relative speed, each node on the contact surface of lining may be sticking, slipping, or separation. When the relative speed between one node and its counter surface is not larger than 10 −10 mm/s with the distance smaller than 10 −10 mm in direction, the contact state of the node is defined as sticking, and otherwise it is defined as slipping. When the distance between the node and its counter surface is not smaller than 10 −10 mm in direction, the contact state of the node is defined as separation. Figure 16 shows the contact state of the nodes on the surface of inner lining in a period from stick to slip. The surface of the lining does not contact with the disc integrally. Actually, some of the nodes in the trailing area separate with the disc. At 1.5001 s, the disc and lining are in the process of stick, in which most of the nodes on the contact surface are in the state of sticking, but some nodes in the edge area begin to slip due to the small contact pressure in this area, as shown in Figure 16 (a). At 1.5002 s, the disc and lining begin to slip, and most of the sticking nodes transform into the state of slipping. But many nodes still keep the state of sticking, as shown in Figure 16(b) . At 1.5003 s, the disc and lining are in the stage of slip, and all of the sticking nodes are transferred to be the state of slipping. Therefore, it can be concluded that the microcosmic contact status at the friction interface causes the macroscopic stick-slip motion of the lining.
Most of the nodes at the friction surface change the contact state repeatedly, and it is bound to affect the friction coefficient. Figure 17(a) shows the microcosmic friction coefficient of a single node, which contacts with the disc surface all the time in braking. Figure 17(b) shows the macroscopic friction coefficient of the lining. From Figures  17(a) and 17(b) , it can be seen that the microcosmic and macroscopic friction coefficients increase in the early stage and then fluctuate in the following stage, but the start time of the fluctuation is different. Within the earliest 0.5 s, the microcosmic and macroscopic friction coefficients are approximately equal. From 0.5 s to 0.6 s, the microcosmic friction coefficient increases sharply to the maximum of static friction coefficient, because no relative speed exists between the disc and lining before 0.6 s, as shown in Figure 13(a) . From 0.6 s to 0.9 s, the macroscopic friction coefficient keeps increasing and reaches the maximum, but in this stage the macroscopic friction coefficient is much smaller than the microcosmic friction coefficient. It can be correlated with the contact status between lining and disc, in which some nodes of lining separate with disc, as shown in Figure 16 . The maximum of the microcosmic friction coefficient is 0.328, and it is higher than the maximum of macroscopic friction coefficient of 0.31. The macroscopic friction coefficient is the result of the integration of all the nodes at the friction surface, which is affected by the contact status of each node. Since all of the nodes cannot reach the maximum of the static friction coefficient at the same time, the maximum of the macroscopic friction coefficient is lower than the maximum of the microcosmic friction coefficient, which is the same as the friction coefficient maximum in Figure 10 .
After reaching the maximum, the microcosmic and macroscopic friction coefficients begin to fluctuate. The macroscopic friction coefficient fluctuation shows a typical characteristic of stick-slip motion, which is not shown in the microcosmic friction coefficient. The macroscopic friction coefficient can be divided into two stages from 1.6 s, and it is similar to the characteristic of tangential velocity of the lining. Therefore, the microcosmic friction coefficient of node is different from the macroscopic friction coefficient of lining, and it may affect the spatial motion of the lining.
Spatial Motion of Lining.
For the creep groan problem, the existing research of spatial motion of lining and caliper is rare and their effects on the stick-slip motion need to be studied. Five nodes on the friction surface of inner lining are chosen for investigation, as shown in Figure 18 . It is supposed that half of the surface of the inner lining near the leading edge is the leading area, and the other half surface is the trailing area. Nodes 1 and 5 are in the leading area, and nodes 2 and 4 are on the side of the trailing edge, and node 3 is at the center of the lining. 1 and 2 are supposed to be the contact pressure center in the leading and trailing areas, respectively.
Spatial motion of inner lining in and directions is shown in Figure 19 . Figure 19 (a) exhibits that inner lining moves along the rotation direction integrally before 0.9 s, which is opposite to direction. There are component forces in direction of friction forces with disc; thus the lining has a translational movement opposite to direction. After 0.9 s, the displacement of lining fluctuates, as shown in Figure 19 (b), and it is caused by the stick-slip motion of lining. In direction, the lining moves to the disc surface and results in elastic deformation under the action of brake pressure; thus the lining has a translational movement along direction. Subject to the trend of the movement, the fluctuation of displacement in direction can be attained, and partial curves are shown in Figure 19 (c). Compared with the displacements of nodes 1 to 5 in direction, the direction of displacement fluctuation of nodes 1 and 5 is opposite to that of nodes 2 and 4, which suggests that a torsional vibration around direction is generated. From Figure 16 , it can be inferred that contact pressure at 1 and 2 changes when the stick-slip motion occurs, and this leads to the torsional vibration of lining around direction. Figure 20 shows the displacements of the five nodes in direction. From 0.1 s to 0.6 s, nodes 1 and 5 move along direction, but nodes 2 and 4 move oppositely to the direction, and node 3 almost does not move. It can be seen that the lining has a rotational movement in the plane of . From 0.6 s to 0.9 s, the five nodes move along the direction integrally, and the displacements fluctuate after 0. and 5 is opposite to that of nodes 2 and 4, and the amplitude of fluctuation of node 3 is the lowest. Therefore, a torsional vibration occurs in the plane of . In order to find the reason of the spatial motion of lining in direction, a schematic diagram of forces on lining is shown in Figure 18 . 11 and 21 are supposed to be the resultant force of the friction force with disc in the leading and trailing areas, and 12 and 22 are supposed to be the resultant force of the friction force with piston in the leading and trailing areas. 11 , 12 , 21 , and 22 are component forces in direction of 11 , 12 , 21 , and 22 . Because there exists no relative speed between disc and lining before 0.6 s, as shown in Figure 13(a) , it can be inferred that the friction force with disc is larger than the friction force with piston, as given as follows:
(1) Therefore, nodes 1 and 5 in leading area tend to move in direction and nodes 2 and 4 in trailing area tend to move opposite to direction from 0.1 s to 0.6 s. In this case, there are two resistance 13 and 23 from disc and piston, and a pair of action and reaction forces 14 and 24 between the parts of leading and trailing. These forces are subject to the following inequality:
Due to the rotational movement in the plane, the contact status with disc changes. After 0.6 s, the contact pressure in leading area increases and the contact pressure in trailing area decreases, so that the contact area in leading area is larger than that in trailing area, as shown in Figure 16 . Then 11 increases and 21 decreases, which could result in 24 becoming larger than 21 , so that the nodes in trailing area move along direction. Under this condition, 23 changes its direction and the relationship of the forces in trailing area can be given in (3). Therefore, the five nodes move along the direction integrally from 0.6 s to 0.9 s.
Moreover, the inflection points of the nodes displacements occur at 0.6 s and 0.9 s, and the inflection points are the same as those of the microcosmic and macroscopic friction coefficients in Figure 17 ; thus it can be inferred that the microcosmic friction coefficient plays an important role in the movement of lining before 0.6 s, and macroscopic friction coefficient affects the movement of lining after 0.6 s. After 0.9 s, the lining moves to a new static equilibrium position and then torsional vibration occurs in the plane of . In order to find the reason for these phenomena, the displacements of the five nodes in direction and the tangential speed of lining and disc are plotted together, as shown in Figure 21 . The curves in the period from 1.537 s (point A) to 1.566 s (point E) are further discussed as follows.
In the stage from 1.537 s (point A) to 1.544 s (point B) and the stage from 1.552 s (point C) to 1.558 s (point D), the lining is in sticking and the tangential speeds of disc and lining are opposite to the direction. Because the direction of the friction forces on lining is the same as the direction of disc tangential speed, in these stages, the forces on lining are the same as those in Figure 19 and they are subject to (2); thus the displacements of nodes 1 and 5 increase and the displacements of nodes 2 and 4 decrease. From 1.544 s (point B) to 1.552 s (point C), the lining is still in sticking, but the tangential speeds of lining and disc are along the direction, and the directions of forces on lining are opposite to those in Figure 19 ; thus the displacements of nodes 1 and 5 decrease and the displacements of nodes 2 and 4 increase. From 1.558 s (point D) to 1.566 s (point E), although the tangential speeds of disc are opposite to the direction and the directions of forces on lining are the same as those in Figure 19 , the lining is in slipping and the static friction coefficient changes to the dynamic friction coefficient. Therefore, 11 and 21 decrease, and the resultant forces in direction of leading area and trailing area reverse their directions. Moreover, the displacements of nodes 1 and 5 in direction decrease, and the displacements of nodes 2 and 4 in direction increase. Therefore, it can be concluded that the friction forces with disc, specific friction coefficient, and stick-slip motion caused the fluctuation of displacement in direction.
Spatial Motion of Caliper.
The caliper is connected to the guide pin through two rubber bushings, as shown in Figure 7 (b). When creep groan occurs, the brake pressure is low and the deformation of the caliper is small; thus the displacements of the rubber bushing center can represent the spatial motion of caliper. Figure 22 shows the displacements of the rubber bushing centers. In Figure 22(a) , the displacement of center 1 in direction is the same as that of center 2. The two centers move oppositely to direction and reach a static equilibrium position before 0.6 s, and then the fluctuation of displacements occurs. In Figure 22(b) , from 0.1 s to 0.6 s, center 1 moves along direction, but center 2 moves oppositely to direction. After 0.6 s, the displacements of the two centers fluctuate, and the directions of the fluctuation are opposite to each other. It can be seen that a torsional vibration occurs in the plane of . Due to the action of brake pressure, the caliper moves in the opposite direction of direction. Subject to the trend of the movement, the fluctuation of displacement in direction can be attained, as shown in Figure 22(c) , and the directions of the fluctuation are opposite to each other; thus it can be seen that a torsional vibration around direction occurs. Therefore, the spatial motion of caliper is consistent with the spatial motion of inner lining, and it is caused by the friction forces of lining and the stick-slip motion of lining.
Based on the analysis of the displacements of lining and caliper, it can be seen that the characteristics of spatial motion of lining and caliper are complicated. Under the condition of low rotation speed and low brake pressure, the spatial motion of the lining and caliper can change the contact status between disc and lining and also the microcosmic friction coefficient. Therefore, it is possible to suppress brake creep groan by controlling the spatial motion of lining and caliper.
Vibration Characteristics of Caliper and Verification.
In order to verify the model, the vibration characteristic of caliper is examined. Figure 23(a) shows the accelerations of caliper in each direction. From Figure 22 , it can be seen that the caliper moves in each direction before 0.6 s, but, from Figure 23 (a), it can be seen that the caliper does not vibrate. This suggests that the analysis of the spatial motion of caliper before 0.6 s is reasonable in Section 4.4. After 0.6 s, the caliper vibrates in all directions, which is a typical stick-slip vibration, and the magnitude of acceleration in direction is larger than the others, with the lowest in direction. As much this characteristic is the same as that of the experimental results in Section 2.2.
After 0.6 s, brake creep groan occurs, and the acceleration in direction includes several types of stick-slip vibration. Stage A is from 0.9 s to 1.6 s and stage B is from 1.8 s to 2.2 s, and there are transition stages from 0.6 s to 0.9 s and from 1.6 s to 1.8 s. The amplitude and period in stage A are larger than those in stage B. It can be seen that the characteristic is the same as that of the angular velocity of lining, as shown in Figure 13 . Meanwhile, this characteristic of caliper acceleration change in different braking stage is consistent with experiment results. Figure 24 shows the vibration characteristics in stage A, in which the acceleration from 1.4 s to 1.5 s was chosen for analysis. In stage A, the acceleration in direction is a periodic harmonic and contains two types of harmonics in each period. One has large amplitude with one-third period, and the other one has low amplitude with two-thirds period. Therefore, the simulation results in stage A agree well with the experimental results in stage D. Figure 25 shows the vibration characteristics in stage B, in which the acceleration from 2 s to 2.1 s was chosen for analysis. In stage B, the acceleration in direction is a single periodic and harmonic vibration, and a limit cycle is shown in the phase diagram. These characteristics of caliper agree well with the experimental results of stages A, C, and E, as shown in Figure 4 (b). From Figure 23(b) , it is exhibited that the fundamental frequency in stage B is 78 Hz, and it is close to the fundamental frequency of 86 Hz measured in stages B and F. Therefore, the simulation results in stage B agree well with the experimental results in stages B and F. Figure 26 shows the vibration characteristics in transition stage, in which the acceleration from 1.6 s to 1.8 s was chosen for analysis. In the stage, the acceleration in direction is changing from stage A to stage B, and the acceleration in is unstable. Therefore, no obvious limit cycle exists in the phase diagram. These characteristics of caliper agree well with the experiment results of stages A, C, and E, as shown in Figure 4 (a). From Figure 23(b) , it can be found that the frequency is close to that measured in stages A, C, and E. Therefore, the simulation results in transition stages agree well with the experimental results in stages A, C, and E.
There are still some differences between simulation and experimental results. For example, the magnitude of the acceleration in simulation is higher than that in the experiment, which may be due to the difference of stiffness and damping in the suspension and tire and neglecting antinoise shim on pad. Although the difference of fundamental frequency is very small, the error is large in high-order frequency. This is because the difference may be magnified for many times in multifrequency components. The energy from 70 Hz to 90 Hz is large in both the simulation and experimental results. The complicated motions of pad in simulation are consistent with those in the experiment. The transient dynamic mode proposed in the paper is effective for the prediction and analysis of brake creep groan. Through the analysis of the natural frequency of the system, two modes are found to be related to the fundamental frequency. The first mode frequency is 29.4 Hz and it is the first torsional mode of disc. The second mode frequency is 82.4 Hz and it is the first twist mode of caliper. The two natural frequencies of the system are coincident with the fundamental frequencies of stages A and B, respectively. Therefore, adjusting the frequency of the twist mode of caliper may be an effective way for brake creep groan control.
Effects of Subsystem Components.
In order to study the effects of subsystems on brake creep groan, a benchmark FE model of brake corner is established, in which the subsystems including driveline, suspension, tire, and vehicle body are all neglected. The guide pins are fixed and the angular velocity is set at the axis of disc. The key parameters and simulation condition of the benchmark model are the same as those of the previous model considering the subsystems. The simulation results show that the benchmark model without subsystems can also reproduce the phenomena of stick-slip motion, the spatial motion, and the vibrations of linings and caliper. Taking the stick-slip motion as an example, as shown in Figures 27(a) and 27(b) , it can be seen that the stick-slip motion from the benchmark model without subsystem is similar to the results of stage B from previous model with subsystems, shown in Figure 13 . But the benchmark model cannot simulate the different type of stickslip motion in braking, which is an important characteristic of creep groan in the test. The frequency of the caliper acceleration in direction from benchmark model is shown in Figure 27 (c). The fundamental frequency of the caliper acceleration is 96 Hz, which is higher than the fundamental frequency of 86 Hz measured in experiment. Therefore, it can be concluded that the dynamic model with subsystems has higher accuracy than the model without subsystems.
Conclusions
Based on the experimental and theoretical analysis of brake creep groan, we can draw the following conclusions:
(1) A vehicle road test of creep groan is conducted under the condition of downhill. Complicated and different types of stick-slip motions are found and the characteristics of creep groan are changeable during braking. The acceleration of caliper in tangential direction has a high correlation with the interior noise and can be used for brake creep groan quantification. 40 Hz and its multifrequency and 86 Hz and its multifrequency are the dominant frequency components.
(2) A transient dynamic model including brake corner, driveline, suspension, tire, and vehicle body is established using finite element method for brake creep groan analysis. In the model, brake components are considered to be flexible body, and the subsystems including driveline, suspension, tire, and vehicle body are considered to be rigid body. Key parameters of the model, especially the friction coefficient, are defined. and frequency domains, it is found that the model is effective for the prediction and analysis of brake creep groan. It is also found that the model has higher accuracy than the model without considering the subsystems.
(3) Based on the model, the macroscopic and microscopic stick-slip motion and the spatial motion of lining and caliper are analyzed. In the early stage of braking, the lining and caliper have translational movements in tangential and radial directions and a torsional movement around axial direction. The macroscopic stick-slip motion occurs in each direction, and it relates to the microscopic sticking and slipping, friction coefficient, and forces as well as the contact status at the friction interface. It is noted that the microscopic and macroscopic friction coefficients of lining are different, which play critical roles in stick-slip motion.
(4) In NVH control, the control of the spatial motion of lining and caliper could be a solution for brake groan suppression, which will be presented in next paper.
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